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1\PPLIED COGNITIVE PSYCIIOLOGY 
Appl Co.~mt P~_Hhol. 15 413-411 (2001) 

DOl- 10 1002/:u:p 714 

The Discrin1ination of Graphical Elements 

J. G. HOLLANDS 1* and IAN SPENCE2 

1 Defence and Ctv!l lnwtute of Envtronmental Medtcl/le. Canada 
2 l!ml'entty of Toronto, Canada 

SUMMARY 

A model IS proposed to account for how people discnmmate quant111es shown m pie charts and 
d!\Jdcd bar graph~ (I c wh~t.h prop<uiJon 1'- larger, A "' IP) I he lilt ll"Jtll"nlal l'l/mw/Jflll mmld 

<~S'>U!llCS that <Jn oh~crvcr ~cqucnlially ~.unplc~ lwm I he .tvaJ!<Jhlc pcrccptu.!llcalurc~ 111 a graph I he 
relat1ve effecllveness of sampled percepludl features 1s represented by the spread of probab1hty 
drslnbutwns, m the manner of s1gnal detection theory. The mooel's predictions were tested m two 
expenments. PartiCipants took longer with p1es than d1v1ded bars and longer w1th non-aligned than 
aligned proportwns m Expenment l In Expenrnent 2, partiCipants took longer wtth dtvtded bars 
than pres when graphs were of unequal size. Generally, graph1cal formats producing longer response 
limes mcurred a grealer ume penalty when the difference between proportiOnS was reduced. These 
results were m accordance w11h lhe model's predictions lrnpiEcaiions for graph1cal display des1gn 
are discussed. Copynght © 2001 John Wiley & Sons, Ltd. 

INTRODUCTION 

Whose market share JS larger - Ford or GM? \Vho sold more albums m CD format in 
1999 - Shama Twam or Celme Dton? We often ask ourselves such questions as we scan 
graphs shown in newspapers, 10 magazmes, or on the Internet. Discrnninatmg quantities 
shown in graphs- determinmg wh1ch of two quantities IS larger- IS a fundamental graph
readmg actiVIty (Kos~lyn, 1993, Stmkin and Hastic, I 987; Spence and Lewandowksy, 
1991 ), and perhaps the most common task people perform with graphs. Discrimination 
may al<>o be involved m more complex graph reading tasks (see Carswell, 1992; Hollands 
and Spence, 1992, for task de<>cnpttons) It is Important, therefore, to understand the 
p<;ychologtcal proces<>lllg that underlies how quant1t1es are di<;cnmmated 1n graphs. In this 
paper, we propo<;e a proces-.rng model that predtcts when d1scnmmation of graphical 
elements should be more difficult .. test those predtctions m two experiments, and discuss 
the Impltcallons of the re<>ults for the des1gn of graph1cal drsplays 

Dl'iCJHmnatJOn of graphical elements rs not as <>lraightforward as might appear at 

fir<;t glance. Examine the e1ght palf'> of graphs (pies and drvtded bars) shown at the top of 

"'Corre~pondence to Justm G llolldnds, DC!EM, Human-Computer lnleractton Group, 1133 Sheppard Ave 
West, PO Box 2000. Toronto. Ontano. Canada M3M 3!39 

Contract grant spon~or Natural SCience~ and Engtneenng Research Counctl of Canada 
Conlract grant number ARJS I 

Copyright~) 2001 John Wiley & Sons, Ltd. 
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Frgure 1 An lllustrauon ol the deciSion model a~ <~pphcd to al!gncd and non-ahgu.ed ~egments used 
111 Expcnmcnt I Sec text fur detail~ 

each pand 111 F1gutes I and 2 For each pau·, a!>k yourself· Whtch shatled teg1on 
Jeptcls the larger proportton, A 01 13? You will probably liud that some of the pa1rs 
ate more diflit:ull lo dtscnnun,lle than others \Ve note five unp01 tant pro pet lies of 
these !>lluattons 

Ftrst, the observer has a chotce of perceptual cues or features to make the dectsion. 
angle, an:a or slope with pie charts, bar top posttJOn, area, or herght With dwJued bars. 
Second, as the above example Illustrate~. the ~wadable pcrceptu,d features vary Jcro1.s 

gtaph type:.. Th11d, pc~t.cptu.tl lc.ttutc:. .ac ltl,.dy to v<uy 111 ICllll~ ol thcH cllccllvcuc~s. 

lengths bemg more effecttve than angle. for example. Fouflh, avatlable perceptual 
features change when quanttttes a1 e Jeptctcd w d1fferent posltwns (Figure I) or with 
different scahng (Ftgure 2), anJ the task subJectively appears more difficult. The former 

Copynght \Q 2UUI John Wtley & Sons, Lid Appl CogmL Psyd10l 15 413-431 (2001) 
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Figure 2 An lllu~tratmn of the decr<>IOn model a<; applred to equal-<a7e and unequal-~17e pies used 1n 
Expt.:tlment 2 St.:t.: lcxt for dclmls · 

<>Jiualwn occur<> when !he posrtmn of a graphical element corresponding to one vanahle 
changes from graph to graph, U<;ually because another variable also changes (e g 
bccau<;e Ford's market share mcreased from one year to the next, the position of the 
elements representmg GM 's market share IS sh1 rted up m a d1vided bar graph, or 
clockwi<;e m a pre chart) The latter sltuatJon (Figure 2) occurs because the size of a 
smgle dJvtded bar or p1e can be used to show changes rn total amount (e.g to mdicate 
!hat, Ill total, more en .. were sold Ill I 999 I han lfl I <J!)R )_ J'inall y, I here are siluatmns 
where dilterent cues provrde contradictory information, and tills <;eems to make the 
dec1sion parrrcularly difficult Note, for example, that for the p1e charts on the right of 
Figure 2, angles indicate that A> B. whereas areas md1cate that A< B In the next 
section we shall de<;cnhe a model that takes these five properties of the Situation into 
account 

Copynght © 2001 John W1ley & Son~. Lid Appl Cogmt P>ychoL IS 413-4JI (2001) 
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THE INCREMENTAL ESTll\IATION MODEL 

There IS a large ll!e1 atu1 e exam1n1ng perceptual dtSClliiHnauon datmg back to the 
pwnec11ng wm k of Fechnet, and Lll!.!l e arc good Lheuu.:llcal models of how the Ul:>

crumnatJOll process works, most takHlg a stgnal detectmn approach (e.g. Peuus1c, 1992, 
Vickers, 1980) Nonetheless, these models cannot propedy account for the lhscnnunat;on 
of data shown Ill graphs because the1 e are seve1 al, some tunes reJundant, perceptual 
featu;es that can be judged wllh most graph types, as noted above. In addJtwn, data 
shown m graphs are often expressed as p10p01Uons or petcentages (e g matket share) 
and thus a common task for the graph teade1 involves the discnmmauon of prop01twns 
rather than absolute amounts Stmple perceptual J1scmnmat1on cannot lead to accurate 
performance when the overall stze of one graph IS changed relative to the other (as m 
Figure 2). lt ts unclear how ex1sting models of perceptual J1scnnunauon could deal wtlh 
th1s situation. 

The mcremental estzmatcon model to be descnbed here accounts for the dtscnmmatwn 
of proport10ns by proposing that the five properties affect both the mternal representation 
of the difference and how that representation changes over tune as perceptual features are 
repeatedly sampled The modelled Internal representation can then be used to derive 
spectfic prethctwns that can be tested experimentally. 

Consider the two pte charts A and B shown at top-lett of Figure I. We have deptcted 
proportiOn A as bemg lmger than proponion B, without loss of generality The 
participant's task is to respond wllh a key press to the question. 'Which proportiOn ts 
larger, A or B?' The decisiOn process may be descnbed by a two-alternative forced
choiCe (2AFC) stgnal detectiOn model (Gteen and Swets, 1966; Macmillan and 
Creelman, 1991, Chapter 5). Thts approach to modellmg the dtscnmmatwn process 
has its on gins Ill the work of Thurstone ( 1927) and smce then sumlar models have 
often been used to account for peiformance Ill dtscnminauon tasks (e.g. Ashby, 
1983; Lmk and Heath, 1975; Petrusic, 1992; Ptke, 1973; Smith and Vtckets, 1988; 
TretSIIJall and \Valls, 19ofi; Y1ckt:t'>, 19RO) All hough the lhcot y of ;..ignal detection h.1s 
seen lmuted appltcauon 111 the g; aplucal pctccpttou hteratute (Legge et al., I Y~Y; 
McEwan, 1994 ), It has not been applied to the discnnunatton of proportions as 
exammed here 

Perceptual features 

When companng A with B usmg the ptes on the upper-left of F1gure I, an observer 
may choose to attend to a feature such as angle and e:,ttmate the difference in the two 
angles. Many sources of error will impose a probability {..hstnbuuon on the observer's 
esllmate of the dtfference mangle (A-B) We assume tlus difference thHnbutwn to be 
Gauss1an. In the top-left panel of Figure I, the true difference 111 prop01t10ns is 4% and 
the :,tandatd Jevtallon of the dtStllbutJun I!> -+(Yo, both values adHitauly chosen 
tor Illustration. The shaded portiOn to the left of the cntenon rep1esents the probability 
of a dec1sion error On a given tnal, the observe& samples ftom the ,difference 
dtstnbutwn (A-B) and depending on the magmtude of the sample and the location 
of the crHerion the decisiOn will be 'A < B' or 'A > B' The 'correct' distnbuuon IS 
shown using a sohd I me ami an 'incorrect' dbtubutwn l em responding to the case 
when E (A-B)=-4%] by a da:,hed line The ctltctwn IS :,et at (A-B)=O, a neutral 
cntenon, wluch IS typ1cal m the 2AFC paradigm (Macmillan and Creelman, 1991) 

Copynght © 2001 John W1lcy & Sons, Ltd Appl Cogmt Psydtol 15· 413-431 (2001) 
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Table I A hierarchy of perceptual features for discmntnattng proportrons tn 
graph~ (<,cc Cleveland, I <)R'i) 

Accuracy 

1\fo-.t Jccurate 

Lea<;t accurate 

l'erceplllal feature 

PosJtJOn along a common scale 
PnsJIJOn :1lnn~ Jdenlrc<ll. non-<1hgnerl scales 
l.cnglh 
Slope 
Angle 
Area 
Volume 
Color hue-saturallon-den<>Jty 

\VJth a larger difference between the true p10port10ns, the observer's esttmate of 
lllflcrcncc (A--11) ts farther from 0 on ,Jvcragc In other word-., the Lcllllc of the 

UJlference dt~lfloUtJOn is farther from the CrtleliOn, and the probabthty of a dCCISIOil 

error decreases. 
In addltton to angle, the observer could base the JUdgment of dtfference on area or- if 

the segments are altgned - the slopes of the non-aligned radii. The variances of 
dtstnbuttOns correspondtng to dtfferent features would dtffer tf some perceptual features 
were more effecttve at conveymg qmmtity than others. Cleveland ( 1985) has ordered 
-;event! perceptual featme-; u-;cd 111 graphs (c g length, angle, area) m term<; of theu 
accuracy. Cleveland ranked angle and slope as being about equally effecuve However, 
recent studtes have shown that angle discnmmat10n IS less accurate than slope dJs
cnmmation (e g Regan et al., 1996, Sntppe and Koenderink, 1994) and we have modified 
Cleveland's rankmg to reflect th1s, as shown m Table I 

Cleveland's ranking 1s based on a task tn which participants estimated the 
proportion one graphtcal element was of another (e g what percentage is A of B?). 
As such, the task mvolved estimating relat1ve magnitude. It ts an emptrical questwn 
whether Cleveland's rankmg 1s effective for other graph-readmg tasks, such as dis
cnmtnatton In th1s paper we test Cleveland's ranking (Tahle 1) for the d1scnmmatton of 
proportions· Are lughcr-lanktng perceptual features assoctaled Wtlh srnaTier estimatiOn 
errors? 

We propo5e that an ohscrver th~cnmJnating two proporttons wtll ~ample from the set of 
available features- on one occaswn concentrating on angle, on another area, and <>o forth 
·1 he accuracy With wh1ch the ohserver computes (A-B) IS apt to vary 1f different features 
are attended to and tilt!<; the overall dt!lerence dislrrhutwn wlil be a m1xture of 
di~tnbuttons, all of wh1ch have the same po51l1ve expectation but posstbly diffenng 
spreads Por stmpltclty we assume th1s mixture of Gausstans wtlh equal expectattons to be 

approxnnatcly Gau:.stan 1 

In the two next sect10ns we detail the sttuatlons where graphical elements are 
aligned and not aligned, re'>pectlvcly, for holh p1es and dtvldcd bars Follow1ng lhat, 
we exarmne the Situation where the overall stze of one graph IS different from the 
other 

1 The mtxlure of fiau\\lan\ wtth drfferenl varr,mce~ will be more platykurtte rhan a comparable G,Ju~~•an Tlu~ 
fanemng of the ta1!s does no! aller the predt<..lmns of our model 

Copynght 'i) 200 I John Wrky & Sou~. I ttl Appl CoJ.:nll p,ychol I'\ 411 tl ll (200 I) 
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Aligned segments 

Plt:S 
In the top-left panel of FigU!e I, all featui es that lll<hc.ttt! the magmtudes ol the two 
propmt10ns me m .tcnnJ If propmtwn A> B, then slope A> IJ, angle A> IJ, anJ ,uea 
A> B. In the absence of errors of e~ltmatton, the observer will come to the same conect 
concluswn and respond 'A> B', I!H.lependent of the featute(~) useJ to m.tke the juJge
ment. In the presence of et ror, the observer samples from the dtlfer ence dt~tributwn (A-ll i 
am! males the Jec1s10n 'A< IJ' o1 'A> 13'. The <~ccLuacy of <llflerent features wdl 
vary from most accurate to least accur.He 111 the lollowlllg order slope, angle. area 
(~ee Table 1 }. Although the optnnal feature for the ubset ver to attend to IS slope, we 
assume that the obset ver samples from the set of a vall able perceptual features. \Ve test thts 
assumptron later · 

D1vzded barJ 
Constder two Jivtded bars A and B, wtlh shaJeu areas representing two proporuons as 
shown at bottom-left in Ftgure l. As wllh p1es, the observer samples from the dtfference 
dtstnbutton and dectdes 'A< B' or 'A> B' If the segments ate aligned, and proportiOn 
A> B, as shown, thtn (bar top) po:.awn A> B, length A> B, and area A> IJ An 
ob!>ervcr can JUdge p1l'\IIHm on a common :-.c ,de With d1v l<.kd b;u;, lmt c .umul with p1c;, On 

average, perceptual lcatutes for ptcs ranb. lower 111 the Table l luelatLhy lhdll tlm~e for 
divtded bars and therefore the vanance of the mt.x.ture of dtstnbutwns of difference should 
be greater with ptes than divided bats (as iliu~lrated 111 F1gure I) This should result m 
gteater enor for aligned ptes than aligned dJVHJed bar~ 

Non-aligned segments 

Ptes 
Constder the two pies at upper ngbt m F1gure I If the two segments are not aligned the 
oh">CI vcr c.m no lunges dl;,l..ltlllllldlC ou I he h.t'>i;, ul slope I k11Le the vaJJ.I!lce ol the 
probability dtstnbuuon for non-aligned p1e chatts will be greater than for aligned 
pte charts, since the former lacks the lugh-taukmg slope feature Thus decrston en o1s 
will be more probable with non-ahgned than wtth aligned segments. Also, t~.!?rror rate tor 
non-altgned proporuons will decrease m01e raptdly as (A-B) IS mcreased, smce the 
probabtllty of a lleLISIOII CliO! Jcuc,t;,e;, tllotc I.liHdly a;, a G.m~;,1.111 tli::.ItJbuiJon wtth 
larger spread ts shJfted to the ught 2 

Dtvtded bars 
PositiOn along a common scale (as ocCLHS wJth bars whose bases are aligned on a common 
axt~) ranks lughe~t w the Table I hierarchy. However, if the two segments are not aligned, 
a~ 111 the bottom-nght Jldllel of Pigl!l e I, I he po~Jlion feature IS no longer available, the 
observer must JUtlgc length 01 area The va11auce ot the mixture difference utslnbuuon wdl 
be larger and the probability of a dect~IOn error conespondrngly greate1. As wtth pses, and 
for the same reason, differences 111 deciSIOn error when Judgwg aligned anJ non-aligned 
segments w11l be smaller with larger dtffe1ences 111 the pwporllons A and B 

2 1 hrs 'ola!cmcnt IS correct when errm r.lte'o MC 'mall In our <"<IK"rrmcnl' parliUtMnl~ were lfl<,lruLtcd to he a'o 
.H .. Lllt.iiC ·"l'o'"blc, hcm.c. error r.rlc' were""·'" ( ·.,,,cqucntly the crtur t.tlc 'ho11ld d..:~.-u;."c mwc r.1pully .1~ 
(A-ll) IS wcrca~ed when the drlferenct: <.hstnbutrun:. IMvc gre.J.Ict v.uublllly 

Copynghl © 2001 John Wrky & Sons, Lid Appl Cogml l'~y<.hol 15 41J--431 (2001) 
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Pte} l'er.Ht\ dt\'tded hm > 
1 he v<~nahJII!y of the dilfcTencc di<.tnhttlTon !-.hould he greater lor non-aligned p1e.;; than for 
non-aligned d1vided bars, smce !he available features (angle, area) rank lower on average 
than tho<>e for non-alrgncd d1vrdcd han; (length, a1ea) Thus, the probability of a dec1<>1on 
en or ~hould he greater wtth non-aligned dtvtdcd bars than non-aligned pie<> Differences m 
deci<>Jon error between non-aligned p1es and d1vided har'> should decrease as the d1fference 
m proporlmns mcreases, grventhe greater vanabillly 111 the ddTerencc distnhution for non
aligned pies 

In the next ~ectlon we cons1der the discrrrmnat10n process when patrs of ptes and 
dl\ H.led bar' are not equal 111 s1ze 

Overall size 

P1e> 
If the ptes are not equal m s1ze all feature<> may not y1eld the same s1gn for (A- f3) 

Con.;,idcr the two p1c chart~ shown 111 the-top 11ght panel ol Figure 2 In the ab<>cnce ol 
error, cornparmg slopes or angles will produce rhc correct re~ponse 'A> f3', but 
com par mg areas will produce an mcorrect response of 'A < R' Note. however, that this 
will not always he the case. If proportton B were reduced to I!%, for example, A would 
now be greater than B for areas as well Thus, even though unequal sizes will increase the 
likelihood of error when areas arc compared, sornet11nes a companson of areas wtll yield 
the correct response. 

In the top nght panel of Figure 2, we show the dtstnhut10ns that would result If the 
observer attends to angle 75% of the t1me and area 25% of the t1me, resulting in a m1xture 
of G<luc;smns One Gausstan has a pos1t1ve and the other a negative expectation, producing 
an asymmetric mtxture dtstnbut1on The shape of the mtxture would change according to 
the probabilities of atlendmg to different features For example, the shape of the difference 
d!<Jtnbutton for an observer who attended to slope 60%, angle 30%, and area 10% of the 
t1mc would he somewhat different llowever, regardless of <;uch vanat10n, the Important 
pomt 1s that if the observer attends to a contradictory feature some of the ttme the 
d1fference distribution w11l no longer he symmetncal because some of tts probability mass 
will he ~h1ftcd to the 'wrong' s1de of the distnburwn 

Thus the difference m the probahtllty of error between equal and unequaf:.stze cases can 
he considerable. If the difference (A-B) is increased, the expectation of the difference 
d1stnhut10n moves away from the cntenon, JUSt as m the equal-size case. Unltke m the 
equal-s1ze case, the vanance also changes s1nce there JS a component of the mixture on the 
'wrong' side of the cntenon Although we have shown thts component w1th location at 
ahout -4%, the posittomng of such a component will depend on the percetved ditference 
m proportion arwc:wted wah the attended-to feature As the true drfference m proportions 
1ncrea<>es, the component on the 'wrong' side w!ll not nece<>sanly mo~;e in m1rror fashion 
to the cornponcnt(s) on the 'correct' <;Ide The con<>equen!Jal effect IS !hat the overall 
varrancc of the difference dl' .. tnhullon ts mcrca<>cd when contrndictory features are 
attended to 

However, when there IS a suffiuently large difference between the proporttons A and I3 
111 the unequal-~1ze cac;e, the problem of contradictory features goes away Cons1der the 
top-nght panel of Figure 2 (33% 111 A and 29% 10 U) and assume that the observer uses 
e11her angle or area to make the dectston. Angle y1elds the correct decJston whereas 
area m1slcads lmagmc again that the propm110n 111 n i<> reduced to I I% thus mcrcasmg 

Copynght ir) 200 I John W1ley & Sons, Ltd Appl Cogmt P<;ychol 15 413~131 (2001) 
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the 1.hiTerence 111 propmttons to 22.% !rom 4%. Allendmg to eaher angle or aJea w1ll ytdu 
the conect Jects1on smce the sh..tded :uea 111 B wtll now be smaller than in A. Hence, the 
pwbablllly of tkt:J::.ton errm IS sm,tll w1th unequ.d-:.11e dt,plays slwwwg l<uge lii!Tcrences, 
as tt IS wllh equal-~tze displays, be..:au~c both components of lht:= nHxlUre dJ~tubuuon hdve 
the s.1me (large) pos111ve expet:tatwn. 

D1v1ded bars 
Wtth pies the observer has the posstbd1ty of avmdmg the conl!adictory leaturt!s - always 
attend to angle or slope Wilh d1vH.led bars the1e ts no way out If the bars are not equal in 
s1ze, as at bottom nght m Ftgure 2, 1! makes no ddlc!em:e whether the ob~et vet all ends to 
positiOn, length, or area When one of these features produces a t:mllradtetory result, so Jo 
the others 

Hence, It IS not poss1ble to UISCLLlllllldte the proportions shown 111 uuequal-stze lhv1dcd 
bars accurately tf the decision ts based solely on perceptual features. Cogmt1ve operatiOns 
are neeJed to perform the task accUJalely. \Ve propose th.H the observer performs a rallo 

esiimation operation (HollanJs and Spence, 1992, 1998) that takes as mput the length 
(or atea) of the segment and the length (or mea) of the whole bar The mental ratio IS the 
observer's estimate of the talto of the part to the whole (e g. 33%). 

Mental rauos for the two dtv1ded bars, A and B, are mcorporated into the model 
by treaung them like stimulus featUies. In the ..1bsence of error, a comparison of 
mental 1atws (A-B) ytelds the con-ect response, 'A> B' while attending to perceptual 
lealures such as length or area produces a negative (A-B) and a dectston enor. In the 
presence of error an asymmetnc dtlTerence Jtstllblllton 1 esults (:otnHiar to that obtamed 
wtlh unequal-siZe ptes) for observers who use perceptual featutes some ot the tune, ellher 
voluntanly or mvoluntanly As w1th piCs, the lih.ddJOod of dcct:,ton etwr will be target and 
the effect of varylllg the dtiTerence m proportions should be mme pronounced wJth 
unequal sizes 

Mental rattos me hkely to be less .tccuJatc than peiceplual features Each mental 
piocc:-..-.tng slep (e'>lllll.tlmg lll<lgiHilHk:-. ul p.ut and whole, .md e:-.tmrallllg lhl'll Jalto) 

tntruuuccs a potenttal ~ou1ce ol enor wllh the resultmg talio estmmle hl-..ely to be 
inaccurate In judgements of pro pOI tion wtth sumlar bar graph sllmuh. for example, 
Hollands and Spence (1998) obtawed average errms ot ±3-5% Therefore we shall 
assume that the dtffetence d1stnbutwn for mental rattos has htgher vanat:?_!lily than for 
perceptual features. Observe1s will be mme ltkely to etr wtth unequal-size d1vtJeJ bars 
than wtth unequal-s1Le p~t!S, where relatively accurate perceptual features (such as angle or 
slope) are always available [n adJHton, the pwbabJlity of a dects1on error should Jecrease 
wtth ddTerence m proportiOns more qutckly with unequal-sJZ.e divtJed bars than pies, 
because of the greater vanability 111 the dtllereJKe JJstnbuttOIIS for unequai-:,JLe JtviJeJ 
bats. 

Incremental estimation and response time 

In many real-wmlJ contexts (e g a banker .'olmlymg .1 gt<tph 111 .1 tinanctal;repml, a 
physician examuung a graph ot epidenuologtcal data 111 .1 medtcal JOurnal), the reader IS 

not under ~tricttune pressUJe and there will generally be sullictent 11111e lo dtscnnunate the 
proportions shown acLurately. Although the bas1c elements of the dec 1st on process may be 
moJelleJ ..ts described above, we do not thmk that the observer makes only one e:.tunate of 
the d1llerence usmg only one perceptual feature. ln~teaJ, we as~ume that the observer 

Copynght © 2001 John Wtley & Sons, Ltd Appl Cogmt. Psyd10l IS 413-431 (20!ll) 
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accumulates ltlCiemenlal estrmatcs - rndcxed by u- and compules a runmng average as 1/ 

mcrea~c<, Tin'> kmd ol <KC\Illllllatlon process ha'> hcen used m the past tn model RTs 111 

drscrirmnatwn l<~~ks (:.ee l'etru~JC, I<J92 for a rev1ew) The most rmporlant effect of the 
repeated -;ampflng ts to reduce the vanance of the averaged difference. as Figure 3 
tllu~trates us111g pte chart~ as o.;trnmlr If the oh<.;crvcr average)-. the rncremcntal cstrmates. 
the vanance of the final average will be smaller lhrm that of a <>mgle eslirnate Indeed, the 
varrancc wtlf fall a<> I/ mcrcasco;- we have <,hown the ~tandard dcvwtum dropprng as the 
square root of 11, a<; rt would w1th mdepemlcnl estimates ami the computatiOn of a 1 nnnmg 
mean 

The repeated sampling wtll also symmetrize a skewed d1stnbutwn. as shown m the nght 
panels of Ptgure 3 The samplmg drstnbut10n lend<> towards symmetry fairly qmckly, 111 !he 
same fash1on that the sampltng dtstributwn of a mean tends towards the Gausstan by !he 
Central Lnmt Theorem. This ha~ the effect of pulling in the tail of the drstnbutron and 
reducmg the error rate Our lllustratton shows only a small degree of skewness when v = 2 
and approximate Gauo;smn form when u = 4 The repeated sampling has an espectally 
tmporlant con<;cqucncc when there ..rc cmnponenl'> on the 'wtong' \Ilk ol the dtffcrenu: 
dt~tnbullon - w.yrnmctncs '>houfd quKkly he.; rcduu;d, 111lhough the vanancc of !he 
dtstnbutwn \•nil still be larger than otherw1se 

When the graphs are of unequal size the model predicts a higher error rate than for 
equal-size graphs, f01 any value of v. However, if the observer tnes to match some mternal 
error cntenon, the number of rncremental esttmates m the unequal-stze case must be 
greater and hence the RTs should he longer In other words, the number of incremental 
c<;ltmatcs 1/ should be greater tn the unequal-s1ze case than 111 the equal-size ca<;e to make 
the error rates roughly equivalent For example, in the lllustratwn in Figure 3, four 
mcremental estnnates are needed in the unequal-size case to achteve the same level of 
accuracy obtained with two mcremental estimates in the equal-srze case. 

Similarly, 1f the difference between the proportrons rs made smaller, and the observer IS 

trying to match the same internal error cnterron level. RTs should mcrease. Also, 
whenever the chfference drstrrbutiOn exhih1ts greater variabilrty, for whatever reason, we 
expect the observer who is attemptmg to mm1mrze error to take longer That IS, the same 
prediCtions we have made for error should be seen m RTs man experiment where accuracy 
IS emphasizerl 

Evaluating the incremental estimation model 

Two experiments were conducted to evaluate specific predictions of the model with 
divided har gr:.~ph<> and pic charts Expenment l was designed to investigate !he effects of 
alignment and difference m proportron on RTs. In Experiment 2 we mampulated overall 
'itze and difference m proportion 111 a stmilar manner. In bolh our experiments, accuracy 
was emphasized to the par!Jctpants To keep accuracy levels lngh over multtple tnals, we 
gave part1cipants feedback after each judgement. 

No previous expenmental work has exammed the effects of alignment and s1ze on 
an observer's ah!hty to dtscrrmtn<J!e proportiOn<; shown in graph<; rn ad(lit!On, the 
JllCiemental c~lrmatmn model makes several ptcchdtons that olher models mthe graphical 
perception literature would not make without modification Some prechctwns made m 
Expenment 1 a1e con<>l'itent wrth Cleveland's ( 1985) rankrng of perceptual features but 
since the rankmg has not prevrously been applied to discmmnatton judgements 1t 

remamo:; untested for that !ask Moreover, some predictions made hy the incremental 

Copyngh! i(_J 2001 John Wtlcy & 'ion'>. l.td Appl Cogmt Psycho! 15 413-43 I (2001) 
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F1gu1e 3 An Illu~trauon ot the cf!ect of repeated samplmg Ulthe mcremental eslunauon Ii10dd wtlh 
equal s1zes (Experiment l) shown on the left and unequal SI.lCS {Expenment 2) 1:.hown on the nght. 
Note that error decreases wuh repeJted ~amplmg and th..1l the d!'>tllbuuons become mme ~ymmet!IC 
wllh rcpc.llcu samphng 111 the uncqual-~tLe ~.-ase 
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e~t1mat10n model Ill Expenrncnt 2 a1e mcons1stent w1th a simple apphca!Hm of 
CleveL1nd'<; rankmg 

EXPERii\lENT I 

The partiCipant'<> task 1n Expenment I was to chscnrmnate between two pwpm!Jons shown 
111 graphs Graph type, alignment. and difference Ill prop01 tion were mampulated RT and 
error measures were ohta1ned Participants were Instructed to be as accurate as poss1hle, 
and recen:ed feedhack after e:Kh response The mcremental estimation model makes the 
follow1ng preclictrons 

(I) RTs will decrease monotomcall y as the d1 fference m proportmns increases 
(2) RTs will he shm ter with aligned than non-aligned segments. 
en RT<; Will be shorter With dl\ !ded bars than pieS 
(4) The mnnotonrc dccren\e m RTwllh Jnuca-,cd dllfcrcnce 111 propntllono; wdl he grc,ltcr 

for non-aligned than aligned segments 
(5) The monotonic decrease m RT w1th increased difference in proportions will be greater 

for p1es than div1ded bars 
(6) Similar pattern'i are prechcted for error. 

Prccllctwns (2) and (3) follow from Cleveland'<; ranking, al!hough thrs ordenng has not 
been previously applied to di'>cnmmatron tasks In addJtJon, by r!<>elf, Cleveland's ranking 
does not specify the mecham~m by wh1ch errors and response times should mcrease or 
decrease. 

Method 

PartiCipants 
Thrrty-two students at the Umversity of Toronto partJcrpated rn the experiment. They 
recerved course cred1t for the1r partrcipation 

Afatenal\ and upparatus 
Twenty mteger proportions were randomly generated m the range from 0 05 to 0 50 No 
proportiOn wa<; WJthm 2% of any other 111 the sci. 

Each of the twenty proportions was pmred with another proportion determmed by 
adding 0 01, 0 02, 0 04, or 0 08 to the first On a given tnal, a pmr of proportions was 
dtsplayed using two div1ded bar graphs or two p1e charts Figure I shows examples of each 
graph type for aligned and non-alrgned conditions. The left-right position of the lnrger 
proportiOn was randornJ?ed over trwls On half the t11als (the non-nhgned condtlmn) one 
of the segmentc; (selected at random) was d1splaced upwards (or rotated clockw1c;c) 
correspondmg to a proportion of 0 30 !3oth segments were tl!splaced from the base 
(dlvHlcd bar<>) or 12 o'clock po'>IIIOII (pic~) hy a 1,mdom vah1c 

The hetght of eac.h d1vtded bar was 80 mm, and 1ts width was 15 mm. The radm'i of 
each pte chart was 28 mm. Por hoth ptes and divtded bars, the two members of the 
pa1r were separated by a 100 mm horl.lontal chstancc (cent1e to centre). The vJewlllg 
d1stance was approximately 50 em All graphs were whtte on a hlack background The 
two segments representing the proportions were colo1Jred red. The graphs were ~hown 
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on a 30 em dtsplay (rnea~tlled dwgonally) at 640 x 480 (honzontal by vettlcal) 
resolutton, controlled by a pwgt .1m 1 unnu1g on an I B l\,1 pcn.onal computer, whtch abo 
mcasutcd RT~ 

Destgn and procedure 
A 2 x 2 x 4 (Graph Type by Ahgnment by Dtfterence 111 Pro pot ttons) wllhHH,ubJects 
destgn was used The two gtaph types were dJvJJed bar gtaphs and pte charts, the 
segments were drawn aligned or non-aligned, &ud the Jtl fetences m proportiOn were 0 0 I, 
0.02, 0.04, and 0 08 The order of tnals was randonuzeJ wllhm each of the 16 conditiOns, 
and the order of com.lition!> was counterbalanced across partJctp.111!S u~mg Latm squares. 
Thete were 20 tnals per condltton for a total of 320 tnals per parttctpant 

Parttctpants were tolJ that they would be 5hown pairs of graphs, and that thetr ta::.k 
would be to mdicate whtch pwportton was IMger P.!rttctpants p1 es~eJ the Jell key (the 'I' 
key on the numenc keypaJ) when the left propmtton w.ts latgeJ, auJ the Hght b..ey {the '2' 
key) when the nght proportiOn was lmger. 

Participants were provided With feedback after each tnal; the computer produced a !ugh 
tone for a correct response, and a low tone t01 an mco11ect tespon::.e. They were mstructed 
to be as accmate as po!>sJble, and to take as much 11me as they needed. Parl!c1pants were 
debnefed at the end of the expcnmental se~ston. The expe11menl requueLI approxuuately 
40 nunutes to complete. To llltllllll!Le learmng eftects dunng the experiment, parllctpants 
completed 64 practice tnals beforehand. 

Results 

Data ilom three new pmtJctpants teplaced the Jata tor tluee pmttctpants who pwduced 
m01e than 40% errors tn one or more conditions. Fot each parttc1pant, the med~an RT 
for correct tnals 111 each cond1tton was computed, anJ the means of these medians 
(averaged across partlc!pants) are shown lll Figure 4 3 A 2 X 2 X 4 (Graph Type by 
/\hgnmcnt hy Dtf'ICICIICC Ill l'lllJHllllllll:-) Wlllllll '>llhJt'l h ,lll.II)'SJ:-. or vall.llltC (/\NOV/\) 

wa; pcllumtcd. Wc .tbu pellullllcu ,, llcuJ .tn.tly~t:, to dl:lt:llllliH.: tl the changt:s 111 RT 
w1th dttference 111 prop01 tion were monotonic RTs decreased linearly as the dtfference 
m pruporllon mcreased, F(l,31)=73 13, MSc=216, p<00001.4 There was no 
ev1dence for a quadratic or cub1c trend (bmh ps > 0 05 }. RTs were sho1 ter when 
segments we1e aligned, F(l,31)=2811, MS.,=057, p<OOOOI RTs .. were shorter 
wllh dtv1ded bars than ptes, F(l,31) = 25.60, MSe = 1 35, p < 0 0001 Tests for thffer
ences m linear, quadrattc, and cubtc trends as delermmed by graph type anJ alignment 
were carneJ out (see Keppel, 1982, pp 232-234) The hnear decrease m RT wah 
difference m proportiOn was greater for non-aligned than aligned segment!>, 
F(l,31)=689, MSe=0.33, p<005, The lmem Jecrease 111 RT with <.!Jfference Ill 

proportton was also greater for ptes than dtvJded b.trs, F( I ,31) = 5 37, MSe = 0 83, 
p < 0 05 There was no ev1dence lo1 LJllcracltOII~ havlllg qu.tthallc or cub1c compoHculs 
(ps > 0.50) 

3Jf RTs f01 en or tnals were m<.ludcd, the \dille gener.tlp.lltelll w,,, obt.wu:d 'I Ius w.l\ taut: lor hoth cxpcrunenh 
4To correct for vtol.tttons of ~phencaJy ami homogene!ly ol v.utam.c, a Gea;ser-Urcenhou;e .IUJU!>tmcnl w.~; u;ed 
for both expenments After .IdJUSiment, Jll reported <!llccts f10m an.1lyses of v.m.m<-e arc a-;~oca.tted wllh p-v,.dues 
le~s than 0 05 However, un.tdjtl' .. teu uegrces of frc~dom .tnd p-v.du~; .He tepotted Ill I he It:;\ I to \llllpltfy 
expOSit lOll 
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Difference In Proportions 

Frgure 4 Expenment I results Top mean RTs for correct tnals, as a function of graph type, 
alignment, anti d1fference m proportiOns nouom· proportion of trial-; tn wh1ch partrc1pants made an 
error Error har~ mdrc.Jic the \landanJ error of the mean 

Errors occurred on 8% of the tnals on average and they tended to occur in those 
condit1om in whtch parttcipant~ produced the longest RTs The lower part of Figure 4 
shows the mean error data 

Di<>cussion 

The prediCtiOns of the model were supported Parttc1pants took less time wl!h larger 
dtfferences m proportiOn (because the expected value of the dtfference dr<;tnhutJon was 
located farther from the cntcrmn), and the dccrca<:e m RT wa-; monotomc Participant<> 
took longer With p1e charts than dtvrded bars (bcc,IUsc the perceptual features available 
wtth divtded bars ranked h1gher 10 the Table 1 hrerarchy than those available wrth pres. 
leadmg to smaller variabd1ty m the drfference dtstributiOn). PartiCipants took longer w1th 
non-aligned segments (because a hrgher-ranking perceptual feature was lost when 
segment<; were not aligned, leadmg to greater variability in the difference distribution). 

Copynght «:; 2001 John W1ley & Son~. Ltd Appl Cogmt Psycho I 15. 413-431 (2001) 
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RTs for non-aligned pro pot lwns dccn:ascJ more t aptdly .1s the dttlett:ncc 111 propmtwn 
WaS int:tcaseJ (be..:,tuse of lower Vallabt!lty Ill the dtlfetence dtslnlm!IOil for aligned 
segments). Flllally, RTs decreased lllO!e taptdly !01 ptcs than dtvHkd b..tts .ts the dllletence 
m ptoporttons was mcreased (becau~e of lower vanab!ltty Ill the dtlference dtstnbutwn for 
dtvtded bars). 

The en·or Jata were 111 apptoxunale c01 respondence wtth the RTs, cons1::.lenl wllh the 
model's ptedu ... twn that RTs and etTOIS should be LOllelated 

EXPERIMENT 2 

In Expenment 2, gtaph type, srLe, and <.hfletetH:e 111 p10portton were mampul,llcd and RT 
..ttH.l t:ITOI mc:asu1 c:s were ubtamc:J Patllct p.mts wet e m::.lt uctnl tu be .t:> ..tccur.!le ..ts 
poss1ble and received feedback after each 1 csponsc: The mcremental esllmauon model 
makes the followmg predictwns 

(1) RTs will decrease monotonically as the ddTetence 111 proportiOns increa::.e~. 
(2) RTs will be shortet Wtlh equ..tl th..tn unequal stt.cs. 
(3) Wllh unequal stzes, dtvided bars will produce longer RTs than ptes, but w!Lh equal 

sizes, the reverse will occur. 
{4) The monotomc decrease 111 RTwllh mcreased dtfference Ill proportwns wtll be greater 

for the unequal than equal-stze case 
(5) For the unequal-stze case, the monolomc dccrca~c w RT wtth increased diffc1ence 111 

proportiOns wlil be greater for dtv1ded bms than ptes. 
(6) For the equal-stze case, the monolomc decrease m RT wtth mcreased dtflerence m 

proportmns will be greater for ptes than dJvtded bms. 
(7) Similar results are ptedicted for etror 

A sunple apphcauon of Cleveland's rankmg ptcdicts that UIVJded bats should generally 
ptodun: hdlCI JlCI ftH lll,lllLC lh,UI flll'~. 'ollll C Jlll"lllOII 011 ,J Ulllllllllll O,l ale L.lll he JlldgnJ 

wllh lhvtdeJ bar~. but observers 1..an only usc :,lope ut angle wtlh p1c!> Tim:-, Ckvelam.!'s 
raukmg ts m accord wllh the second patt of ptedtctlon (3) (that Jtv1ded bars should 
proJuce better perfotmance than ptes for the equal-stze case), but contrary to the 
mcremental estunatton model, would predict the same Iesult for the unequal-s1ze case 
(the first part of predictiOn (3)) .. 

Method 

Thtrty-two Umversny of Toronto ~tudents se1 veu as partiCipants. They recetved course 
ctedn for the1r participatton Expenment 2 had a 2 (graph type) x 2 (s1Le: equal-~Ize or 
unequ..tl-s1ze) x 4 (lhlfetcm:e 111 p10pmtwns) W!llun-:,uhJects Jesigu The ~llmult and 
procedure were the ->ame as in Expenment I wllh the tollowmg utfterences On halt the: 
tuals (the unequal-s1ze conuitwn) the he1ght of one dtvtded bar (or radtus of one p1e) was 
60% of the other lienee, a small UIVJucd b..tt was 48 111111 tn hetght, ..t ::.111.111 pte G:ft<ul h.td a 
17 mm rad1us For the other half, the stzes we1e equ,ll. Each of the twenty propmuons lila 
cond!lion was pa1reu w1th another proporuon detetnHneJ by addwg 0.04, 0 08, 0 16, or 
0 32 to the first. The dtfference in proportions was mcreased to keep error tnals few and 
RTs In the '>ame ra11ge ao, they we1c 111 Expctllllctll I J',uttctp;mts wcte m:,ltuLicd tu JUdge 

the 1elauve proportions, rather than ab~olute su:es, Ill the unequal-s1ze condiuou. 

Copynght © 2001 1o1m W1lt!y & Sons, Ltd Appl Cogmt Psycho! 15 413--431 (2001) 
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Difference In Proportions 

ftgure 5 Expenment 2 results Top mean RTs for correct trials, as a functton of graph type, SJ?e, 
and difference m pro port 10m Bottom proportton of tnal~ m whtch par!Jctpant'i made nn error Error 
IMr<. uuiiLJfc the ~!d1Hl.1rd error of the rnc,m 

Results 

Data from two new parttcrpants replaced the data for two parttctp:mts who produced more 
than 40% errors m one or more condllmns f'or each rartrctpant, the rnedtan RT for correct 
tnals rn each condrtwn was computed, and the means or these rnedtans (averaged across 
rartlClpants) are shown m f'tgure 5 A 2 X 2 X 4 (Graph Type hy Size hy Drfference Ill 

ProportiOn<;) wtthm-suh,ects analy'>lS of vanancc (/\NOVA) was performed on the 
rncdwn\ A trend analy'>l'> wa<, aho performed. a<; in Expenment I RTs dccrea..,ed 
monotomcally (w1th significant lmear and quadratzc components) as the drfference 111 

proportion mcreascd ({-'(I ,31) = 40 J, MSe = 2.50, p < 0.000 I for ltnear, F( 1,31) = 4 9!, 
MSc = 0 52, p < 0 05 for quadratic) There wa-. no ev1dence for a cuhic component 
(p > 0. I 5) RTs were shorter with equal sizes than unequal '>J7es, F( l ,31) = 29 36, 
MSe = 1 S7, p < 0 0001 D1v1ded hars produced longer RTs than p1es in the unequai
'>IZe case. but 111 the equal-<>i7e ca<;e, the reverse occ111 red, F( 1,31) = !3 7, MSe = 3 40, 
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f1 < 0 001 The lmear decn:asc 111 RT w1th IIH.:tca:-ed ,hncrc::m.:c m propo1 twns was gu~ater 
lor the unequal than tho.! equal-:-.ILC l-.I!>C, F( l,J I) = 14 60, AJS,. = 2 I I, Jl < 0 00 I (Quad
rallc .md cub1c component~ well! twt '>lgmlic.mt, p > 0.25.) Thus, prt!dlctlon::. (I) to ~-n 

wei e suppmted 
As the JdTeience 111 ptopmtions was mc1eased, the rates of lmear decrease for equal anJ 

unequal stzes were dtffen::nt for the g1aph types, wllh the rates convergmg more qu~ekly 
fot dtvided bars than ptes, F(l,Jl) = 8 06, MS.,= 2 12, p < 0 0 l An mteracuon compar
Ison (Keppel, 19~2. pp 232-234) !>huweJ that the lmc.1r dcnea::.e 1n RT wHh an IIIC!cascd 

d1fference Ill propm twn occurred Jt a faster role wllh unequal-s1ze diVttkd bars than 
unequ&l-S!Ze pies, F(l ,31) = 7 87, AJS., = 4 15, p < 0 0 I, support1ng ptediCtiOn (5) The 
same analysts applied to equal-s1ze graphs showed that the lmear Jecrease 111 RT wtth 
increased dtlfe1ence m proponwn did not d1lfer between divtded bars ami p1es, 
F( I ,31) = 0 36, A/Se = 0 06, p > 0.60 Hence, the dlect of graph type t~nd difference 
in proportions appeared to be additive wtth same-~tze graphs, mcons1stent wJth predtctton 
(6) There was no evidence for quadrattc or cubic components to the mte1action between 
stze and dtfference in proportions for etther graph type (all ps > 0 15). 

Errors occurred on 3% of the tnals, on average ConditiOns in wh1ch partiCipants 
produced the longest RTs pwduced the most en or:-. lnspcc..:tton of Ftgure 5, wluch shows 
the mean erro1 data for each condtlton, shows .1 ~umlar palle1n lor the error data tn 

accordance wnh pred1ct10n (7). In adtlttmn, 11 1s apparent that the error for equal-siLe 
divided bars stayed relallvely constant as the difference m proporuons mcreased, but error 
decreased gradually for equdl-size pies 

Discussion 

The model predicted that RTs should decrease monotomcally when the difference m 
proportions was larger (because the dtfference dt!.tnbuttOn should be farther from the 
cnterion). The model predicted longer RTs fur unequal s1zes than for equal sizes (because 
the asyllliiiCliiC d!:>lllhlllHlll\ ll'!IIIIIL' IIIOIC llllll'llll'll(a! L",(llll.lll'!'> lll lllllllllll/l' deLJ.'-.J!lll 

e11or) Wllh uuequal-"t.le dtVtlkJ bars, where uuect use ol peH:eptual features IS 

unreliable, observets muM compute mental rauos, mcreasmg RTs relattve to unequal
SIZe ptes where perceptual features of angle or slope yteld the correct response. The results 
were consistent wllh these predtctions 

The model pred1cted that equal-<>ILe diVIded bars would produce !.hmtcr R'Fs than equai
StLe p1es. ThiS IS bec&use the petl-cptual lc.llme::. that c.m be u~cd wllh dtvtJcJ ba1~ 
(positiOn along a common scale, length, and area) rank htgher on ave1age than those that 
can be used w1th pies (slope, angle, and area) Thus vanances m the d1fference 
dtstnbuttons Ill our model should be smaller tor lhvtded bars than for p1es The testlib 
were COIISIS[Cllt Wllh thiS prediC[IOil 

The model prcdtcted that the munotomc decrease 111 RT wtth aucreased dtikrence tn 
pwportmns should be greater for the uneltual than equal-siLe case. The p10babtllty of an 
eJTor is larger w1th an asymmetnc distribul!on and should decrease more rapidly as 
dtfterence 111 propOit!On IS mcrea~ed. Thts should lead to non-additivity m s1ze and 
difference ill propmtion for the RTs. Thts pteJictJon was supported. 

It was predicted that the cflcus of g1aph type and dllkrcncc 111 plopOJIIOII!> !>llould be 
non-addttivc w the une4ual-stLe ca~e. Slltcc mental tatws should produce greater 
vanab1lity 111 the d1fft:tence dtstubuttons than slope 01 angle features, and the prohabdny 
of an error decrea!.es more qu1ckly wtth greater vanabihty 111 the dtfference dJstllbuttoHs 
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'I he result!> ~upportcd till<; prcdrctum 1\ '>llllllar predrctron for the equal-sr7e case was not 
<.uppmtcd by the l~T data although the error dal<~ were con<..J<,tcnl wrlh the prcdrctron 

The results support our assurnptmn that observers sample from the set of available 
perceptual features rather tlwn chnosrng the most cffcctrvc percepw::~l feature and uo:;mg Jt 

com.rstcntly. If an observer only p;JI() attentiOn to slope we should expect to see no 
drffercnce m performance between uneqnnl- nnd cqual-sr7c pies The data do not <;upport 
tlw; ln-;tcad performance wa<> wor~e wrth unequal-size pres than wrth equal-s17e pres 
'>ugge:>ting th::Jt oh<;ervers sample from the set of ava!lahle features (slope, angle, area) 
With unequal-s1ze pres this strategy will lead to an asymmetrrc drfference drstnbution wllh 
a corre<;pondrngly larger vanance, mcreasrng decisrnn error and thereby RT This result 
'>llpport'> a cmc a<;sumptlon of the mcrcmental e;.trrnalron model 

GENEnAL OISCUSSION 

A common graph reading ta-.k Involve;. lhc dr<..cr!lll!Jlallon of qll.llliiiJe-; shown 111 graph" 
Real-world data are olten deprcted 111 proporlron or percentage form - most typically 111 

p1e charts and divided bar graphs The psychological processes that people use to 
d1scrinunate proportions, and how the efficiency of those processes is affected by factors 
such as alignment and size, have not been previously examrned. In this paper, we have 
proposed an mcremental est1matron model to account for how people discrimmate 
proportions shown in graphs and <;uccessfully tec;ted the model's predrctrons in two 
expenments 

Accord1ng to the model, the observer samples from the difference distribution (A-B) 
and produces a response of 'A< B' or 'A> B' The model proposes that the positron of the 
dJstnbutiOn IS determmed by the drfference between proportions, and that rts spread is 
determined by the relatJve effectrveness of the perceptual features available Fmally, the 
model proposes that the shape of the difference (hstnbutron (symmetnc or asymmetrrc) 
will depend on whether the graphs are the same size or not With unequal-size graphs, 
when more of the distnbutiOn IS on the 'wrong' side of the cnterion, errors are more 
probable. An observer may minimize error by mcreasing the number of incremental 
samples, whrch should rncrease RT<> in srtuations where accuracy is stressed. 

The model's predrctrons were tested 111 two experiments In Experrment l, part1crpants 
were shown pa1rs of equal-sJze p1es and drvrded bars. The segments were al"i"gned or non
aligned and the drfference rn proportrons shown was vaned RTs and errors were recorded 
Accuracy was stressed and partiCipants rece1ved feedback after each trial. The model 
made stx specrfic predicttons, all of whrch were supported 

In Experrment 2, equal- and unequal-size graphs were used Graph type and difference 
in proportiOn was vaned Stx of the <;even predrctrons made were supported by the RT data 
Although there was little support for the prediction that the RT difference between <;ame
<;r7e p1es and divideci har<> would he greater with smaller drfferences in proportron, the 
pallern of error data wa<; cono;rstent wrth the hypothesrs 

Conclusions 

The results from Expcnrnent 2 suggest that a !>lmplc applrcat10n of Cleveland's (19&5) 
hrerarchy of perceptual features is not always appropnate to explarn performance For 
example, Cleveland would rank drvrdcd bars above pre-; became an observer can JUdge 
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post lion along a common scale wtth dtvtded bars but must JUdge slope or angle wuh ptes. 
Our results show that there ts not .1lways .m advantage to the dtvJded bat. The mc1emental 
esumatlon model ptovtdes a better account bec,w~e 1t pte~umes th.1t sever.1l dt!TeH!lll 
perceptual features may be used - an ob~erver w11l sample from the available seL Our 
model accounts for lhfferences m ac~.:uracy by assummg that the spre.td of the dtfference 
d1stribuuon in proportions va11es wtth the pe1 ceptual featmes sampled and also by 
assummg that observers make mulltple mcremental estunates bef01e conung to a 
JUdgement The model assumes that observers ~lHHCtllnes attend to featu1e~ t!J.tt y1eld 
inconect JUdgements, thus reducwg accutacy and mcrea~mg t11ne to re~pond Tl11s 
assumpuon was validated 111 Expeument 2. In cond!lwns where perceptu.1l featUies 
cannot provtde the necessary wformauon, the model proposes that mental rallos (denved 
quant1t1es) are computed. The use of mental ratsos mcurs a constderable co~t tn t-=nns of 
processmg tune Features that make equal-stze divtded bars effecttve, such as length or 
posllwn on a common scale, are not useful m the unequal-stze case. Partlctpants 
pelfonned more poorly with unequal-stLe dtvtded b..trs than they dtd wllh p1es 111 

Expenment 2. 
The dtscnmmatwn of pwporuons m graphs cannot be constdered a Simple process 111 

wh1ch an observer uses a smgle sumulus leature One mrght expect that an observet would 
choose the most effecllve perceptual feature m a gtaph and use that feature con:,tstently 
However, our results suggest that observers do not do tins Although perceptual features 
such as area, length, or positton cannot be the bas1s for accurate dtscnmmat1on wtth 
unequal SIZes, they appem to be used nonetheless It IS Llil ficult for an ob:,e1 ver to 1gnore 
stimulus featu1 es, such as area, that alfmd dtictent dJscrumnJtmn m some cases 
(e g equal-stze pte charts) but impair ptocessmg m othet situations (e g unequal-:,tze 
dtvu.Jed bars) 

Practical implications 

The dt:-CilllllllalHlll ol qu.mti!JC'-0 ">llOw!l 111 ~··•Ph" ,.., one ol lhe tuo:-.ll·ollllllllll 1.1:-.J...:-. gtaplt 
tcaders pcdOim (Gtllan and Lew1s, l~Y4). TheJclore, 1t IS uuportant that graphs be 
des1gned to make Jt easy for people to do th1s. 

Usually, when a 5.eues of divided bars 01 ptes shows proportiOns over time, correspond
mg segments are not ahgned because other segment s1zes have changed. Our results show 
that when segments are not aligned, the discnmmatwn of proportwns 1s slowed, especially 
with small differences m proportiOn Di v1ded llars are faster than p1es, regardless of 
alignment, and thts advantage ts largest With small dtfterences 111 proportion. 

Proportions are often shown with d1fferent-stze graphs to show vanatwn 111 total amount 
and thts may lt:atl to dtlficulties for the reader For example, Shansa Twatn may sell fewer 
total COs than Celllle Dmu but Twam may have .t l.ugc1 propottlon of sale~ Ill her 
tespectlve market (country) than does Dtonm he1s (adult contempmary). When !>uch data 
are graphed, our study shows that it ts more tune-consummg to d1scnmtnate two 
prop01t10ns wllh respect lO Jdferent wholes (total country sales vs. total adult contem
pot ary sales), espeCt.llly If the two propotllOI\S .ue or Sllllll:u magmtude The dl~adv.ll!tagc 
1s less pronounced w1th pies than dtvtded bats For ~ame-stLe gtaphs, however, the 
advantage appears to belong to the divided bar format 

Thus 1f a senes ol graphs dep1ctmg proportiOns or percentages consists of equal-stze 
wholes, dtvided bars ate pteferred If, however, the wholes are of unequal size, a sctH:!S ot 
p1es IS the better ch01ce 
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